Dark-grown etiolated cels of Cyanidhum caldarium mutant III-C lacking a99% of their normal chlorophyll content and inactive for photosynthesis were greened in continuous light. Measurements The PSII centers, antenna chlorophyll and plastoquinone are integrated into the membrane with constant stoichiometry throughout at least 90% of the greening process. These components are integrated such that in regions of the membrane containing active PSII centers, their density in the membrane hardly changes over the same period. The center-antenna complex and possibly the plastoquinone pool as well are organized into unit structures containing 40 chlorophyll a and 7 plastoquinones, respectively. Energy transfer between centers in PSII appears following aggregation of the center-antenna units.
The PSII centers, antenna chlorophyll and plastoquinone are integrated into the membrane with constant stoichiometry throughout at least 90% of the greening process. These components are integrated such that in regions of the membrane containing active PSII centers, their density in the membrane hardly changes over the same period. The center-antenna complex and possibly the plastoquinone pool as well are organized into unit structures containing 40 chlorophyll a and 7 plastoquinones, respectively. Energy transfer between centers in PSII appears following aggregation of the center-antenna units.
In the preceding paper (4) we presented evidence for a PSII antenna in Cyanidium caldarium wild type and mutant III-C (lacking phycocyanin) containing only 40 Chl a/center. We proposed that the PSII antenna of Cyanidium represented a "core" unit found in the PSII antenna of green algae and higher plants.
In this paper we study the biosynthesis of this core unit and its relationship to the plastoquinone pool connecting the two photosystems. This was done by greening dark-grown etiolated cells of mutant III-C of C. caldarium and following the antenna and pool size as a function of the concentration of PSII centers. We hoped that this study would indicate whether the antenna and pool corresponded to real unit structures or to a continuum in which many centers were included. We also hoped to.learn how these components were added to the growing membrane: were they randomly distributed on the membrane surface or aggregated from the start.
C. caldarium mutant III-C is particularly suitable for the study of the Chl a antenna core noids in this organism. Furthermore, the fact that this alga is a thermophile permits effective isolation of the plastoquinone pool from PSI at low temperature (5 C) facilitating measurements of the pool size.
The studies described here primarily involve photochemical rate measurements. These have the advantage of measuring only the functional Chl and plastoquinone at each stage of greening rather than the total amounts synthesized which would include functional and nonfunctional molecules.
MATERIALS AND METHODS
Fully greened C. caldarium mutant III-C cells (13) were cultivated on minimal medium as described in the preceding paper (4) . In greening experiments, this alga was grown in the dark on a rotatory shaker at 38 C in sterile Allen (2) medium containing 1% glucose. No Chl was synthesized under these conditions and the cells were cultivated until their Chi content and PSII activity were diluted to c1% of the fully greened level. Prior to greening, dark-grown cells were washed twice and resuspended in minimal Allen medium. These washed cells were then divided among several Roux bottles, in the dark, at a concentration of 107 cells/ ml. These were successively uncovered and typically exposed to continuous light (fluorescent lamps Philips TLM 40W/55RS) for 14, 24, 48, or 72 hr to obtain cells at various stages of greening. Practically (within 20%) no cell division took place during this period.
02 and fluorescence measurements were performed using apparatus described earlier (4) . The PSII antenna size was determined by measurements of 02 activation in nonsaturating light.
The extent of energy transfer among PSII centers was determined through fluorescence induction measurements in the presence of DCMU. These methods and the reasons for which we use them were described in more detail in the preceding paper (4 Using the cells of Table I which were adjusted to the same cell concentration, fluorescence induction curves were measured in the presence of l0-5 M DCMU. These appear in Figure 2 and show kinetic curves which are already slightly sigmoidal at 14 hr of greening. Thus, considerable energy transfer already occurs at this time between PSII centers. An additional increase occurs between 14 and 48 hr after which little further evolution occurs. The ratio of the variable to fixed fluorescence yields also increases during the greening period from 0.70 (14 hr) to 2.28 (fully greened).
Structure and Development of Plastoquinone Pool. The size of the plastoquinone pool can be determined by measuring the burst Of 02 produced by algal cells in saturating light at low temperature (0-5 C) (10) . Under these conditions the concentration between the pool and PSI is greatly slowed relative to the rate at which the pool is filled by PSII. Consequently, the amount of 02 evolved is a measure of the number of equivalents located between PSII and the rate-limiting step at the exit to the pool. Modulation of the light permits selective measurement of the rapid photochemical release of 02 from PSII independent of the much slower direct reduction of 02 by the pool or by PSI.
The size of the plastoquinone pool in the III-C mutant was determined by cooling the cells to 5 C and preilluminating them for I min with far red light. Ten sec later they were illuminated by saturating modulated white light. The 02 jet is shown in Figure 3 and indicates a considerable isolation of the pool from PSI. The Table I . Oxygen evolution activation of Cyanidium mutant III-C at various stages of greening.
Actinic illumination was at 681 and 710 om (7 nm and 6 am bandwidths at halfheight, respectively). Algae were dark-adapted for 10 minutes and were used at the same cell concentration throughout (just sufficient to form a monolayer on the Pt electrode). The light intensity was the same for each time point and was modulated at a frequency of 25 Hz. %PS II is the relative percent of Photosystem II oxygenevolving centers at each stage of greening compared to fully-greened cells. This parameter was determined by measuring the rate of oxygen production at the plateau following oxygen activation of dark-adapted cells with non-saturating light (as in Fig. 1 This latter area corresponds to approximately one equivalent (12) . The ratio between the two areas was 15 indicating the presence of approximately 7 plastoquinone molecules in the pool (excluding Q) per PSII center. This number is similar to that measured in chloroplasts by Forbush and Kok (7) using fluorescence measurements and by Stiehl and Witt (15) using spectroscopic measurements.
Using a method similar to that of A. Joliot (10), we demonstrated that there exists a connection between these pools of plastoquinone molecules. In this experiment (Fig. 3) the 02 jet was again measured but with 40% of the PSII centers inhibited with 2 x l0-7 M DCMU. Despite the considerable decrease in the rate of 02 production, the area beneath the curves is the same. Thus, the total number of plastoquinones available to the PSII centers has remained constant and it takes 1.5 times longer for the uninhibited centers to reduce the pool. It is therefore likely that in Cyanidium a connection exists between adjacent electron transport chains at the level of the plastoquinone pool (see also ref. 14) .
We reasoned that in light of its lipophilic properties, plastoquinone might be a membrane marker. In that case a measurement of the pool size during greening might indicate how centers were set into place on the growing membrane. If plastoquinone were synthesized concurrently with the membrane, and PSII centers later on, then the relative pool size per center should decrease during greening as the reaction centers are set into place. The same experiment as that of Figure 3 was performed on cells at various stages of greening. The 02 bursts (Fig. 4) were normalized to the relative number of 02-evolving PSII centers determined from the 02 activation curves at 22 C. In the experiment shown in Figure 4 , the area bounded by the normalized 02 emission decreased by only 10%o between 24 hr and fully greened cells (a factor of 7.5 in the number of 02-evolving system II centers) indicating that the relative pool size per center remained essentially constant during greening.
We note also (Fig. 4) that the 02 curves were somewhat more elongated with time at the earlier stages of greening. Either a ratelimiting step for electron entry into the pool accelerates with greening or the average distance between plastoquinone molecules decreases. Experimental conditions were the same as in Figure 3 . These curves have been normalized to the same number of functional centers, as based on the steady-state rates (Vo2ss) attained at the end of the 02 activation period for dark-adapted cells at 22 C after correction for any changes in antenna size. DISCUSSION The PSII antenna size does not undergo any appreciable change during greening. Only a small diminution (average 20%) occurs between 14 and 72 hr, a period during which the number of 02-evolving PSII centers increases by a factor 15 to 50, there being some variability between experiments. A small increase in size of 10 to 20% is generally observed between 72 hr and full greening (from 30 to 35 Chl a/center to 40 Chl a/center) (4).
The sigmoidal shape of the fluorescence induction curve is just visible at 14 hr of greening. This means that with only 2 to 7% of the centers synthesized, many of these already show energy transfer. An additional increase in transfer efficiency occurs between 14 and 48 hr after which little further evolution occurs.
Chl which was in an unattached state or only loosely associated with the photosynthetic antenna would be expected to show a high invariant fluorescence yield. Thus it is likely that the progressive increase in the ratio of variable to fixed fluorescence yield throughout the greening period indicates that an increasingly greater fraction of the total Chl becomes associated with antennae having active centers. This observation is also supported by the more rapid synthesis of Chl a than of PSII centers (Table I) in the early stages of greening.
The simplest greening model that explains our results involves a presynthesis of the Chl antenna prior to the formation of active 02-evolving centers. Once the latter become functional little further adjustment in the size of the associated antenna occurs. The considerable fixed fluorescence yield at the early stages of greening would arise in part from presynthesized antenna not yet associated with active centers. This Chl, if associated with the growing membrane, is not in contact with functioning photosynthetic units. If it were, the antenna size in greening cells, in contrast to our results, would be much larger initially and undergo a decrease in size. A small contribution of this kind might be responsible for the slight evolution of the antenna size during greening.
The observation of energy transfer very early in the course of greening indicates that the newly synthesized active center-antenna units are rapidly placed in physical contact with each other. Nonetheless, the efficiency of energy transfer increases from 14 to 48 hr suggesting that this contact is at first not optimal. The relative constancy of the antenna size and the increase in transfer efficiency argue in favor of a distinct center-antenna unit of the same size as in fully greened cells (-40 Chl a) (4). These units then aggregate to permit energy transfer. Such an aggregation was also proposed in other greening organisms (1, 5) . This increased connectivity does not arise from the insertion of Chl between existing center-antenna units as this would give rise to an increase in antenna size which is not observed here.
Our observations on antenna synthesis in Cyanidium mutant III-C are similar to those recently reported by Akoyunoglou (1) for bean leaves greened in periodic light (2 min light-98 min dark). He showed that with this kind of illumination greening occurs via the synthesis of PSII antennae of constant size which are one-fifth that in leaves fully greened in continuous light. These small antennae, approximately the same size as in Cyanidium and containing mostly Chl a, are progressively connected as greening continues showing increasing energy transfer. Exposure to continuous light triggers the synthesis of the light-harvesting Chl a/b complex and a 5-fold increase in antenna size.
Our results and those of Akoyunoglou (1) in periodic light contrast with others who have measured antenna synthesis in higher plants and algae greened in continuous light and have observed an increase (1, 3, 5, 9) or a decrease (6) in antenna size.
We suggest that these variations concern primarily the lightharvesting Chl a/b surrounding a core unit of 40 Chl a whose size does not vary during greening.
We saw that the size of the plastoquinone pool per active 02-evolving center was constant during greening, indicating that it, like the antenna, had attained full size by the time the reaction centers became functional. Furthermore, any plastoquinone pool synthesized before the centers would not be connected to the pools already associated with functional centers. Otherwise, as with the antenna, one would have found a progressive decrease in the pool size measured during greening.
The constant stoichiometry of pool size to center suggests that the pool might be organized as a unit structure as is the antenna. Experiments aimed at measuring pool-pool contact during greening were attempted but were not sufficiently reproducible to provide independent corroboration of such a unit.
We observed that in Cyanidium mutant III-C the PSII centers, antenna Chl and plastoquinone pool are integrated into the membrane with constant stoichiometry throughout at least 90% of the greening process. These components are integrated in such a way that in regions of the membrane containing active PSII centers, their density in the membrane changes rather little over the same period of greening. The antenna and possibly the plastoquinone pool, as well, are each organized into unit structures containing 40 Chl a and 7 plastoquinones, respectively.
